Recent retrievals of zonal thermal winds obtained in a cyclostrophic regime on Venus are generally consistent with cloud tracking measurements at midlatitudes, but become unphysical in polar regions where the values obtained above the clouds are often less than or close to zero. Using a global atmospheric model, we show that the main source of errors that appear in the polar regions when retrieving the zonal thermal winds, is most likely due to uncertainties on the zonal wind intensity in the choice of the lower boundary condition.
The retrieval of the zonal thermal winds from temperature measurements in Venus' atmosphere has been shown to be a very powerful tool to study the dynamics of the atmosphere in the absence of direct wind measurements (Chub and Iakovlev 1980; Seiff 1983; Newman et al. 1984; Limaye 1985; RoosSerote et al. 1995; Zasova et al. 2007; Piccialli et al. 2008; Piccialli et al. 2011 ).
These methods are based on a particular dynamical balance that characterises quite well the nature of the circulation in the Venus mesosphere (between 55 and 100 km altitude). On Earth, which is a relatively rapidly rotating planet (with small zonal Rossby number), the geostrophic approximation is often assumed for large-scale atmospheric motions, where the pressure gradient term is approximately balanced by the Coriolis acceleration. In the mesosphere of Venus, this approximation fails because in those layers of the atmosphere we have strong winds overlying a slowly rotating planet. In this case, the cyclostrophic approximation, in which the centrifugal acceleration balances the geopotential gradient term, may be used (Leovy 1973) . From the meridional component of the equation of motion in a planetary atmosphere, we can obtain the cyclostrophic thermal wind equation from the balance of these two terms,
where φ is latitude, u the zonal wind velocity, a the radius of the planet and Φ is the geopotential. Differentiating in altitude each side of the equation
and assuming a hydrostatic balance, this can be simply written in pressure coordinates, following Newman et al. (1984) and Piccialli et al. (2008) , as:
where R is the gas constant and T the temperature. The variable ζ is defined as −log(
), where p is the pressure at each altitude level and p o is a reference pressure.
Recent determinations of the zonal thermal winds obtained in a cyclostrophic regime are typically consistent with the cloud tracking results at mid-latitudes, but inconsistent or unphysical in the polar region, where the values obtained are less than or close to zero (e.g. Newman et al. 1984 for the north polar vortex and Piccialli et al. 2008 for the south polar vortex). Note that in this work we use the term "prograde" to refer to winds in the direction of the planet's rotation, i.e. westward. On the other hand, observations such as in Schofield and Diner (1983) , Piccioni et al. (2007a) and Sánchez-Lavega et al. (2008) , show clear evidence for the rotation of the polar vortex in the same direction as the global mean zonal wind, which contradicts the low or negative zonal velocities apparently retrieved from thermal winds.
In this study we investigate the likely cause of these unphysical and inaccurate thermal wind retrievals in the polar regions, using fully self-consistent simulations of Venus atmospheric circulation with a simplified general circulation model (Lee et al. 2005; Lee 2006 ; Lee et al. 2007 ). Likely causes are either due to a breakdown of cyclostrophic balance or the amplifications of observational errors in the assumed lower boundary condition of the cyclostrophic retrieval.
In the next section we briefly describe the Simplified General Circulation
Model (SGCM) used in this work. We study the full zonally averaged meridional component of the equation of motion in section 3, where we analyse the contributions of all the different terms from the SGCM's results. The aim is to clarify the dynamical nature of the circulation and, in particular, to assess the applicability of cyclostrophic balance at high latitudes.
In section 4, we study the impact of uncertainties in the lower boundary condition for the upward integration of the thermal wind equation. The high sensitivity of the "traditional" zonal thermal wind retrieval method to the lower boundary condition motivated the development of a simple method capable of recovering the zonal thermal winds mainly at high latitudes, where it is often difficult to define a reliable and accurate lower boundary condition from cloud tracking results due to the uncertainties associated with the altitudes of the clouds and zonal winds intensity. In this section we also explore the robustness of this new method for different conditions and obtain improved maps of the zonal thermal winds retrieved from a simulated temperature field to test the accuracy of the new method.
In section 5, we apply the corrected retrieval method to temperature fields obtained from the Visible and Infrared Thermal Imaging Spectrometer (VIR-TIS) data on board the Venus Express spacecraft, to obtain a new zonal wind field which we compare with other recent observational results.
Finally, concluding remarks are presented in section 6.
The SGCM used here is called the Oxford Planetary Unified (Model) System for Venus (OPUS-V), and obtains a dynamically self-consistent representation of the circulation of the Venus' atmosphere (Lee et al. 2005; Lee 2006; Lee et al. 2007 ).
The model uses physical and dynamical parameters corresponding to Venus (Colin 1983; Williams 2003) , and simplified parameterisations for radiative forcing and boundary layer dissipation. It is based on the dynamical core of the UK Hadley Centre Unified Model (Cullen et al., 1992) and configured on an Arakawa B grid (Arakawa and Lamb, 1981) , using a 5
• x5
• horizontal resolution, covering the entire global domain with 32 vertical levels (with a maximum vertical grid spacing of ∼3.5 km). The atmosphere modelled extends from the surface to an altitude of around 90 km (∼0.5hPa). The thermal forcing scheme used is not based on a full radiative transfer model but on a simplified formulation using a linear temperature relaxation scheme towards a prescribed temperature field that is a function only of latitude and height (pressure). The latter is derived from the superposition of a global-averaged reference temperature profile, obtained from Pioneer Venus probe data (Seiff et al., 1980) , plus a perturbation that is function of latitude and pressure that determines the equator-to-pole thermal contrast at each altitude. This structure is chosen to produce a peak in solar heating within the altitude range of the observed cloud deck (Tomasko et al. 1985; Lee 2006; Lee et al. 2007 ).
The mechanical interaction of the atmosphere with the surface was modelled by a simple boundary layer drag scheme with a linearised Rayleigh friction parameterisation. In the three upper most layers a sponge layer is included, with Rayleigh friction acting to damp horizontal eddy winds to zero (though not the zonal mean flow; Lee 2006; Lee et al. 2007 ).
Using this SGCM for Venus, it is possible to reproduce a substantially superrotating atmosphere via the well known GRW mechanism (Gierasch 1975; Rossow and Williams 1979) without any non-physical forcing, diurnal or seasonal cycles. The horizontal equatorward eddy transport of momentum at 40-80 km is responsible for maintaining the equatorial super-rotation (Lee 2006; Lee et al. 2007) . The model produces equatorial Kelvin and Mixed-RossbyGravity (MRG) waves spontaneously. Lee (2006) found that the MRG waves contribute to equatorward momentum transport and help maintaining the equatorial super-rotation. The model also simulates, among other phenomena, a "cold collar" in the middle atmosphere and a warm pole in the upper atmosphere, although with somewhat weaker amplitudes than observed. Further details can be found in Lee (2006) and Lee et al. (2007) .
Base Run
A reference simulation used for the present study was integrated for 4.1×10 (about a half of the wind strength observed by e.g. Schubert 1983 ). The zonal wind speed in the equatorial mesosphere region is slower than in the mid-latitudes but it is still prograde and super-rotating with respect to the solid planet.
The temperature map in Fig between 200 hPa and 650 hPa, colder temperatures than in the poles or the equator, which is a feature known as the "cold collar". The warm pole and the polar "cold collar" temperature structures are also observed in the Venus atmosphere (Taylor et al., 1979) , although with higher magnitude than produced in the model.
Zonally averaged meridional equation of motion
The full zonally averaged meridional component of the equation of motion on a spherical planet of radius, a, and angular velocity, Ω, is used in this work as a basis for studying the respective contribution of each term and to examine the qualitative validity of the cyclostrophic approximation. The equation is defined using an Eulerian-mean (denoted byū for variable u), at fixed latitude φ, time t and pressure level p,
−ūf [B] + a
+R (3) where the subscript denotes a partial derivative, . In Fig. 4 we show the results obtained. We see a smoother residual profile for the two altitudes sampled here (100 hPa and 952 hPa), which is now nearly zero almost everywhere but with a slight increase towards the pole. A pure cyclostrophic balance is, in general therefore, a good approximation to describe the time-and zonal-mean atmospheric circulation, however, for latitudes higher than 80 o the significant total contribution of the eddy (dashed-dot line) terms can lead to a partial breakdown of the cyclostrophic approximation, as mentioned before. The benefit of neglecting the two eddy terms is that it simplifies the method to retrieve the thermal zonal winds. A more complete retrieval method would need to be based on a combination of the cyclostrophic balance terms and an eddy diffusion parameterisation (e.g. Luz et al. 2003) . However, we show below that this is not the main source of error present in cyclostrophic wind retrievals, and that an alternative approach based on applying a simple dynamical constraint to pure cyclostrophic balance, can still yield good estimates of zonal winds at high latitudes.
tions
The zonal thermal wind equation applied to the Venus mesosphere, Eq. (2), can be used to obtain the zonal velocity u given the temperature field, provided that the cyclostrophic balance condition is valid. Here it is assumed that the solutions for u are always positive (prograde). One of the main difficulties in this method is related to finding an appropriate lower boundary condition to be used in the upward integration. Cloud tracking techniques have typically been used to estimate the winds at the lower boundary, but this method is often not very accurate at high latitudes because of a lack of clearly defined features in cloud images and uncertainties in defining the cloud top altitude.
We suggest here, therefore, a new method to better estimate the lower boundary condition in the polar region. This method complements previous work on zonal thermal wind retrievals and it comprises additional iterations. Our new method to retrieve the zonal winds has the following structure:
(1) Integrate the thermal wind equation upwards using Eq. (2), starting from a first initial guess for the lower boundary. 
where a, b, c and d are free parameters and φ the latitude. This equation was firstly used by Newman et al. (1984) , to fit the DLBI measured winds at about 42 km from Counselman et al. (1980) . The different parameters, de- On further exploring Eq. (2), we study the accuracy of this method to retrieve the entire zonal thermal wind map from a zonally and time averaged temperature field obtained at the end of SGCM simulation (averaged for 60
Earth days). Fig. 8 shows the zonal thermal wind maps retrieved using three different lower boundary conditions:
(1) A zonally and time averaged zonal winds profile obtained by the SGCM.
(2) One with the typical shape assumed before but which deliberately underestimates the zonal wind velocities in the polar regions (Eq. (4) zonal thermal wind field is in better agreement with the zonal winds from the SGCM than the case (2), despite using a general, and not very accurate, first guess for the lower boundary profile.
We will now study the thermal zonal winds obtained from the latitude-pressure mesosphere temperature map for a particular local time, retrieved by the mapping IR channels of the Visual and Infrared Thermal Imaging Spectrometer (VIRTIS-M) on board the Venus Express spacecraft (Piccioni et al. 2007b ).
The latitude-pressure temperature map used is part of the compilation of temperature retrievals from Grassi et al. (2010) , which are roughly equivalent to the previous long time average results using the SGCM temperature fields. As observed in other studies (Newman et al. 1984; Piccialli et al. 2008) , the zonal thermal winds in the polar region appear to be weaker than what would be expected from direct observation of the clouds in the polar vortex (Piccioni et al. 2007a ).
The clumpy dark region (latitudes higher than 65
o ) is related to integration problems since we cannot determine if the winds reverse direction.
In Fig. 10(b) we use the new method described in section 4 to calculate zonal thermal winds from a VIRTIS data set. This method, which estimates the lower boundary condition, increases the zonal winds in the region where it is applied (for all altitudes from the latitude position of the jet core up to the pole). In this case the maximum velocity in the jet is still 108± 7 m s . Here we are assuming stronger winds in the low/mid-latitudes, which were constrained using the Sánchez-Lavega et al.
mate the lower boundary and the new first initial guess, we see that slightly stronger mean mid-latitude winds are produced (Fig. 10(c) The retrieved zonal thermal winds start to converge for latitudes higher than 70 o when the same technique to obtain the lower boundary but different initial guesses is used (e.g. the black solid line and solid circles in Fig. 12 ). It is also important to point out the large horizontal shear in these last results close to the pole. This is consistent with barotropic instability becoming important, influencing the dynamics of the polar vortices.
The uncertainties in the jet magnitude and position presented were estimated using a Monte-Carlo method, where the temperature for each point varied with uniform probability within ±4K, before fitting the temperature profiles for each level (10 4 steps). The 4 Kelvin is indicated in Grassi et al. (2010) and previously in this paper, as the maximum total error in the temperature retrievals throughout the entire range 100.0-1.0 hPa (65-85 km). The uncertainty is computed for each particular lower boundary condition, and is the root mean square of all standard deviations in each point, including implicitly the error of the fit. The error in latitude is the standard deviation of the position of the maximum magnitude in the wind map after running all the Monte-Carlo steps. Limaye (1985) , and more recently Piccialli et al. (2011) , also used a second method that obtains the zonal winds using the cyclostrophic approximation directly via Eq. (1) In Fig. 12 , we explore how the method to estimate the lower boundary is sensitive to the initial guess (analogous to the work done using SGCM data). The initial guesses again have the form of Eq. (4). We explored 2.5×10 Six altitudes were chosen to test the method to estimate the lower boundary, applied to: (a) 2.1 hPa, (b) 4.6 hPa, (c) 9.8 hPa, (d) 21 hPa, (e) 45 hPa and (f ) 100 hPa.
The temperature fields were averaged to 60 Earth days. 
